A series of lanthanide nitronyl nitroxide radical compounds, [Ln(hfac) 
Introduction
The study of molecular nanomagnets showing slow relaxation of the magnetization is one of the key topics in the eld of molecular magnetism.
1 Molecular nanomagnets mainly include singlemolecule magnets (SMMs) 2 and single-chain magnets (SCMs).
3
SMMs and SCMs not only permit the observation of fascinating quantum phenomena but also are investigated as potential candidates for future high-density data storage materials. SMMs and SCMs exhibit slow relaxation of magnetization due to a large ground-state spin quantum number (S), a signicant uniaxial magneto-anisotropy (D < 0), and a good magnetic isolation of the molecule. Lanthanide (Ln) ions have become attractive candidates for constructing new SMMs and SCMs because most of them have signicant magnetic anisotropy arising from the large unquenched orbital angular momentum. As a result, many lanthanide complexes with SMM behavior have become attractive synthetic targets for chemists.
4
The stability of the radicals like nitronyl nitroxide at a relatively high temperature has made them potential systems in molecular magnetism.
5 Recently, nitronyl nitroxides and lanthanide ions were successfully synthesized to obtain the SMMs and SCMs, 6 especially heavy lanthanide ions such as terbium(III) and dysprosium(III). 7 Since the terbium(III) and dysprosium(III) ions have large anisotropies, 8 synthesis and characterization of terbium(III) and dysprosium(III) with the nitronyl nitroxide have already set the fashion in the eld of molecular magnetism. [9] [10] [11] For example, complex [Tb 3 (hfac) 9 3 ] n showed the coexistence of spin canting, metamagnetism, spin dynamic relaxation and magnetic ordering. 9 [Dy(hfac) 3 (PyNO)] 2 shows a remarkable SMM behavior with complex hysteresis at 1.4 K. 10 Onedimensional chain complex [Tb(hfac) 3 (NITPhSCH 3 )] n is the rst example of radical-metal SMM units in the construction of an SCM system.
11
It is very interesting to develop new nitronyl nitroxide complexes and better understand the nature of 2p-4f magnetic interaction. In this paper, by using a new nitronyl nitroxide radical NITPh-p-N(CH 3 ) 2 and lanthanide ions, a series of novel 2p-4f complexes were synthesized. Herein we report a detailed study of the magnetic properties of a novel family of 2p-4f complexes:
[Ln(hfac) 3 (NITPh-p-N(CH 3 ) 2 ) 2 ]$xC 7 H 16 , (Ln ¼ La (1), Eu (2), Gd (3), Tb (4), Dy (5) and Er (6), x ¼ 2/3 for complexes 1, 2, 3 and 6 while 0 for 4 and 5). Complexes 4 and 5 present slow relaxation of the magnetization at low temperature, suggesting single-molecule magnet behavior.
Experimental section

Materials and physical measurements
All reagents and solvents were purchased from commercial sources and used without purication. Ln(hfac) . The thermogravimetry-differential thermal analysis (TG-DTA) was studied by SDT-Q600 at a heating rate of 20 C min À1 in nitrogen atmosphere, and nitrogen gas of high purity (>99.999%) with a ow rate of 100 mL min À1 was used as carrier gas. The sample was heated from ambient temperature to 600 C. Luminescence properties were recorded on an F-4500 FL spectrophotometer with a xenon arc lamp as the light source. The magnetic measurements were carried out with a MPMS XL-7 SQUID magnetometer. The samples are embedded in grease to avoid preferential orientation of the micro-crystallites. Diamagnetic corrections were made with Pascal's constants for all of the constituent atoms. 
Crystal structure determination
Crystals of complexes 1-6 were mounted on glass bers. Determination of the unit cell and data collection were performed with Mo-K a radiation (l ¼ 0.71073Å) on a Bruker SMART 1000 diffractometer and equipped with a CCD camera. The u-4 scan technique was employed. The structures were solved primarily by direct method and second by Fourier difference techniques and rened by the full-matrix leastsquares method. The computations were performed with the SHELXL-97 program.
15 Non-hydrogen atoms were rened anisotropically. The hydrogen atoms were set in calculated positions and rened as riding atoms with a common xed isotropic thermal parameter. A summary of the crystallographic data and structure renement is given in Table 1 . Selected bond distances and angles for 1-6 are listed in Table S1 (see ESI †). CCDC 1063970 (1), 1063969 (2), 1063967 (3), 1063968 (4), 957789 (5), 1063966 (6), contain the supplementary crystallographic data for this paper. †
Results and discussion
Crystal structure Complexes 1, 2, 3, 4 and 6 crystallize in the monoclinic space group C2/c, while 5 crystallizes in the monoclinic space group P2 1 /n. There are solvent molecules in complexes 1, 2, 3 and 6, while no solvent molecule in complexes 4 and 5. Crystal data and details of structural determination renement are summarized in Table 1 , and selected bond distances and angles for complexes 1-6 are listed in Table S1 in the ESI. †
The structural analyses show that complexes 1-6 are very similar; hence, only the crystal structure of complex 3 is described here. Complex 3 consists of the [Gd(hfac) 3 (NITPh-p-N(CH 3 ) 2 ) 2 ] 3 unit and solvent molecule of C 7 H 16 . The structure of [Gd(hfac) 3 (NITPh-p-N(CH 3 ) 2 ) 2 ] 3 unit in complex 3 is shown in Fig. 1 . In complex 3, the Gd(III) ion is eight-coordinated in slightly distorted dodecahedron geometry. Two oxygen atoms of the N-O groups from nitronyl nitroxide radicals and six oxygen atoms from three different hfac anions are coordinated to the metal ions. The bond lengths of Gd (1) In complex 3, the intermolecular hydrogen bonds occur between one carbon atom from one radical group and one uorine atom from another hfac ion group (3.364Å, C(6)-H6A/F(16)). This kind of alternate hydrogen bonds form 1D chain structure in complex 3, which is demonstrated in Fig. 2 .
The structure of the complexes 1, 2, 4, 5 and 6 are similar to complex 3, except for the substitution of Gd(III) with La(III), Eu(III), Tb(III), Dy(III) and Er(III) ions, which makes the bond distances and angles vary a little (Table S1 †). In complex 1, the nitronyl nitroxide moiety O1-N1-C1-N2-O2 makes a dihedral angle of 1.556(27) with the plane of benzene ring, while in complex 2 is 1.861(35) , complex 4 is 2.493(37) , complex 5 is 4.061(43) and complex 6 is 3.212(57) . The structure of complexes 1, 2, 4, 5 and 6 is shown in Fig. S1 -S5 (ESI †).
The shape measure
There are many kinds of coordination geometries in eightcoordinated complexes. Three high-symmetry polyhedra are used as a method of analysis of the shape. They are: the trigonal dodecahedron (D 2d -DD), the bicapped trigonal prism (C 2v -TP), and the square antiprism (D 4d -AP) respectively. 17 There exists an intrinsic relationship between the dihedral angles (one for each Fig. 1 The crystal structure of complex 3. Fluorine and hydrogen atoms are not shown for the sake of clarity.
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pair of adjacent triangular planes) and the notion of shape, i.e., the symmetry. Therefore, the geometry of complexes was analyzed by comparing all observed dihedral angles in a given structure and the corresponding ideal values. Based on the crystal data, we carried out the calculations of the shape factor S to estimate the degree of distortion of the coordination structure in rst coordination sphere. The S value is the minimal variance of dihedral angles along all edges given by eqn (1):
in which m is the number of possible edges (m ¼ 18 in this study), d i and q i are the dihedral angle between planes along the ith edge, in particular, the value of d i is measured in a given structure and the value of q i is observed in a ideal structure respectively. The observed dihedral angle between planes along the ith edge (q i ), the dihedral angle for the ideal structure (d i ) and the estimated S values of complexes 1-6 are listed in Tables  S2-S7 (ESI †) .
The following S values of shape measures calculations are showed in Table 2 . By comparing the value of S, the coordination environments of complexes 1-6 are all distorted dodecahedron.
Powder X-ray diffraction and TG analyses
To conrm whether the crystal structures are truly representative of the bulk materials, the X-ray powder diffraction patterns (PXRD) of complexes 1-6 have been recorded which are shown in Fig. S6-S8 (ESI †) . These patterns indicate that the PXRD patterns are in good agreement with the results simulated from the single crystal date, indicating the purity of the bulksynthesized materials.
In order to investigate the thermal stability of complexes 1-6, the thermogravimetry-differential thermal analysis (TG-DTA) was studied, and the TG-DTA curve is depicted in Fig. S9-S11 (ESI †). The TG-DTA curves of 1-6 were similar. Herein, complex 1 as a representative example is selected to describe the thermal stability in details. For complex 1, the rst stage takes place from 25.00 to 150 C (the peak of DTA at 150.83 C) with the weight loss of 11%, corresponding to losing solvent molecules. The second stage takes place from 150 to 500 C (the peak of DTA at 302.35 C) with the weight loss of 70%, corresponding to the skeleton of compound begins collapsed, implying the decomposition of hfac and (NITPh-p-N(CH 3 ) 2 ) 2 .
Luminescence properties
The luminescent measurements of complexes 2 and 4 were investigated at room temperature in ethanol solution. The results reveal that these compounds exhibit the characteristic emission peaks. For complex 2 (Fig. 3, top) , the excitation wavelength for emission spectra is 325 nm. (Fig. 3, bottom) , the excitation Fig. 2 A sketch of the intermolecular hydrogen bonds of complex 3. 
La (1) wavelength for emission spectra is 290 nm. 
Magnetic properties
Static magnetic properties of 1-6. The temperature dependence of the magnetic susceptibilities of complexes 1-6 were measured for polycrystalline sample in the temperature range 2-300 K under an external magnetic eld of 1 kOe. The magnetic behaviors for complexes 1-6 are shown in Fig. 4 at T ¼ 2 K. This probably governed by the depopulation of the Stark sublevels and/or signicant antiferromagnetic interaction. For complex 1, since the La(III) ion is diamagnetic, the magnetic analysis was thus carried out by using the isotropic spin HamiltonianĤ ¼ À2J(Ŝ 1Ŝ2 ) (eqn (2)). Also, intermolecular exchange interaction (zJ 0 ) in the molecular eld approximation was involved (eqn (3)).
in which J is intramolecular exchange integral between radicals, and zj 0 is the intermolecular interaction. The points below 45 K cannot be reproduced well with this model. The best tting above 45 K gives g ¼ 2.01, J ¼ À8.2 cm À1 and zj 0 ¼ 1.1 cm
À1
. The negative value of J indicates the antiferromagnetic interaction between nitronyl nitroxide radicals. Moreover, the little positive of zj 0 shows the very weak ferromagnetic interaction between two adjacent molecules. The plot of c M À1 vs. T obeys the Curie- Weiss law between 300 and 2 K, and yields C ¼ 0.756 cm 3 mol À1 K with q ¼ À12. (4) is introduced to analyze the magnetic coupling strength, where J 1 and J 2 represent the magnetic coupling for the Gd-radical and radical-radical, respectively.
The best tting results give
g ¼ 2.00, which is in the range for other similar Gd-radical compounds. 16 The positive value of J 1 shows the ferromagnetic coupling between the Gd(III) ion and nitronyl nitroxide radical, while the negative J 2 indicates the next nearest-neighbor (NNN) antiferromagnetic coupling between the intramolecular radicals. The plot of c M À1 vs. T obeys the Curie-Weiss law 1/c M ¼ (T À q)/C between 300 and 2 K, and yields C ¼ 8.8 cm 3 mol À1 K with q ¼ 3.2 K. The positive value of q further conrms the existence of ferromagnetic coupling between spin carriers. The magnetization data of the eld dependent magnetization at 2.0 K (Fig. S12 †) climbs up quickly until 10 kOe, and then rises up gradually to 70 kOe with an effective moment of 8.38 m B , which is in smaller than the expected value of S ¼ 9/2 under ferromagnetic interaction per GdRad 2 unit (9.00 m B ), indicating signicant spin frustration behaviour because of the competing exchange interactions between J 1 and J 2 . Dynamic magnetic properties of 4 and 5. To study the slow relaxation of the magnetization of compounds 4 and 5, ac magnetic susceptibility studies were performed in a zero applied dc eld, which were oscillating at frequencies in the range 111-2311 Hz. For complexes 4 and 5, no peaks of frequency-dependent in-phase signals (c 0 ) were observed ( Fig. 6 for 5 and Fig. S13 for 4 in the ESI †), moreover, the out-of-phase susceptibilities (c 00 ) clearly display frequency-dependent signals, which indicate the presence of slow magnetic relaxation in complexes 4 and 5. 20 No peaks of frequency-dependent out-phase signals (c 00 ) were observed, which revealed that the quantum tunneling mechanical (QTM) process in 4 and 5 are pronounced. In order to reduce the QTM effect, the variabletemperature ac susceptibilities were determined again under a dc eld of 2000 Oe (Fig. 7 for 5 and Fig. S14 for 4 in the ESI †). For 5, good peak shapes in both in-phase (c 0 ) and out-of-phase (c 00 ) curve were evidently observed; these phenomena indicate that the QTM effect is basically suppressed in 5 under an external 2000 Oe dc eld. However, there are still no maxima peaks in both in-phase and out-of-phase curve for complex 4, which illustrate larger QTM effect in 4. For complex 5, the Cole-Cole diagrams (Fig. 8 ), which were measured at temperatures of 2.0, 2.2 and 2.4 K, exhibit a quasi-semicircular shape that can be tted to the generalized Debye model with a values of 0.34, 0.39 and 0.37, from 2 K to 2.4 K. The parameter 4 (4 ¼ (DT p /T p )/D(log f)) was calculated and a value of 0.36 was obtained, which excludes the possibility of a spin-glass (0.01 < 4 < 0.08).
21 Plots of ln s À1 versus T À1 display linear dependence indicating spin reversal by the thermally activated Orbach mechanism process (Fig. 9) . The Arrhenius t (s ¼ s 0 exp(D eff /k B T)) gives the effective energy barrier (D eff /k B ) of (23.44 AE 1.68) K and the pre-exponential s 0 of (7.15 AE 0.72) Â 10 À9 s (R ¼ 0.925) by ac versus T data under a dc eld of 2000 Oe, which fall in the range well for SMMs. 
Conclusions
In summary, six lanthanide coordination complexes have been synthesized and structurally characterized. Dc magnetic studies show that ferromagnetic metal-radical interactions take place in complex 3. Ac magnetic studies for compounds 4 and 5 show clear frequency dependence of the out-of-phase susceptibility.
With the application of external eld (2000 Oe), good peak shapes of the out-of-phase and in-phase signals were obtained in 5, which give an energy barrier of (23.44 AE 1.68) K. It should be noted that multiple relaxation events can occur for single lanthanide sites. Thus, a more precise result must wait for low temperature measurements (T < 1.0 K) by using a micro-SQUID or more AC curves under different magnetic elds. 
